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INTRODUCTION

Electrical discharge machining (EDM) has teen used for the complex shaping of
metal componenis to very high tolerance for many years. However, electrical dis-
charge machining has not been used extensively for ceranics. The application of
traditional machining mathods to finished ceramics is difficult or impossible due to
the lack of ductility and the superior thermomechanical properties of ceramics.
Diamond abrasive wachining i{s necessarily and extensively used in the ceramics
industry, but there are many limitatinns to its use. Foremost is the restricted
shapes that can be produced. Further, highly skilled labor is necessary due to
precise setup and operating conditions, which are not readily amenable to automa-
tion. Equipment and tooling costs are alss high, and machiune tool wear is rapid due
to the high workpiece hardness and the extreme stresses generated during machining.

Unlike abrasive machining, the wire EDM tool does not contact the workplece and
does not exert a direct mechanical force on it. Such ccntact stresses are integral
to diawond machining, and, if not uniformly controlled, can produce severe subsur-
face cracking retulting in an increased susceptibility of machined surfaces to
brittle failure.” The mechanisms of material removal and the nature or condition of
the resultant surfaces created on the strength Q“ﬂ fracture properties of abrasive
machined ceramics have previously been studied.“”

The wmechanism of material removal in wire-cut electrical discharge machining
involves the ccmplex erosion effect from electric arcs generated by a pulsating
direct current power supply. The arcs occur between two closely spaced electrodes
in the presence of deionized water. The cathode is an expendable, continuously fed
wire that advances into the anode, which is the stationary workpiece. A conclusive
thecory has not been established for this complex process; however, empirical evi-
dence suggests the following events take place. First, as the electrodes are
brought in close proximity, a powerful electric current rapidly (in 0~/ to 1078
Jec) vaporizes a small amount of both electrodes to %orm localized plasma channels
of very high conductivity. The actual discharge then takes place with a heavy flow
of curremnt that concurrentiy generates a powerful magnetic field. This magnetic
field compresses the current beam cross section and results in localized heating up
to 10,000"C. This high energy density causes local melting and vaporization of a
portion of the wire and the workplece, which is the dominant erosion process. Dur-
ing the cyclic discharge and heating periods, material can be ejected violently, as
evidenced by the formation of surface craters primarily on the anode (workpiece).
Some collateral mechanical erosion also occurs due to debris impacts. Melted sur-
face layers that are not completely removed resolidify as a recast layer. The
character of the resultant surface depends upon the discharge energy, which is a
function of equipment parameters such as current, gap voltage, and puise duration.
There remains, huwever, a question as to whether the high temperat'ire gradients
inherent in the EDM process also induce subsurface thermal residual stresses and
cracks that could significantly degrade mechanical properties especially in ceramics
with traditivnally low thermal conductivities.

1. STOKES, RJ. Lffects of Surface Finishing on Mechanical and Other Physical Properties of Ceramics. The Science of Ceramic Machining
and Surface Finishing, NBS Special Publication 348, May 1972, p. 343-351.

HAWMAN, M.W., COHEN, P.H., CONWAY, J.C,, and PANGBORN, R.N. The Effect of Grinding on the Flexural Strength of Sialon
Ceramic. J. Mat. Sci., v. 20, 1985, p. 482-490.

RICE, R.W., asnd MECHOLSKY, J.J. The Nature of Strength Controlling Machining Flaws in Ceramics. Naval Research Laborstory
Memorandum Report 4077, September 25, 1979, (ADAJ75481).

.RICE, RW. Machining of Ceramics. Proc. of the Sevond Army Materials Technology Conference on Ceramics for High Performance
Applications, Army Materials and Mechanics Research Center, Waiertown, Massachusetts, November 13-16, 1983.
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Our evidence suggests that wire-cut EDM could be a viable alternative for the
shaping of complex ceramic contours that have not been possible with conventional
diamond machining. In particular, the EDM process is essentially independent of
workpiece ductility and hardness; very ihick parts can be multi-axially shaped; tool
wear is not a major concern; and the operation can be completely automated._ A re-
view of the operation of the wire EDM process has been presented elsewhere.

The primary reasons for the limited growth in the utilization of the EDM proc-
ess for ceramic machining include low material removal rates and the fact that the
process is, by_and large, limited to materials with reasonably good electrical
conductivities7 (e.g., metals and intermetallic compounds of certain carbides,
borides, nitrides and silicides). A minimum workpiece conductance value for the EDM
process has not, however, been established from prior investigations.

Recently, the increased use of non-oxide ceramics with adequate electrical
conducginty has stimulated interest in the use of EDM for ceramics. Some investi-
gators have attempted to improve the electrical discharge mwachinability of
ceramics, particularly silicon nitride and silicon carbide, by increasing the bulk
electrical conductivity through minor additions of borides, carbides and nitrides.
Although the results of this work are encouraging, the corresponding effects of
these additions on the mechanical properties of the bulk material and on EDM cut
surfaces have not been fully evaluated.

In this report, the wire-cut electrical discharge machinability of four ceram-
ics (titanium diboride, silicon carbide, boron carbide, and silicon nitride) will be
discussed. To improve the electrical discharge aachinability of those ceramics that
cannot ordinarily be wire EDM cut in the monolithic state, setups using metallic
sandwich structures formed about the workplece were evaluated. This was done in an
attempt to induce spark generation and thereby initiate cutting.

The effects of wire-cut electrical discharge mechining on the surface condition
and subsequent fracture properties of the aforementioned ceramic materials were also
evaluated. A comparison between wire EDM and diamond grinding will be discussed in
this report.

EXPERIMENTAL

Elec'.rical. discharge machinability tests were performed using an Elox Series P
wire-cut EDM system with a DU 3003 power supply. Flushing nozzles were located
0.02-0.03" above and helow the workpiece, and a 0.010" diamcter brass wire was used
in all experiments. Specific cutting parameters for the materials with their re-
spective thicknesses are presented later in this report for both roughing cuts and
finishing passes.

S. Machining Data Handbook. 3rd Ed., v. 2, Metcut Research Associaies, Cincinnati, Ohio, 1980, p. 12-49.

6. MACCALOUS, J.W., and COPPFER, W.P. Electrical Discharge Machining of Zirconium Diboride. Proc. AIAA/ASME/SAE 13th Struc-

tures, Structural Dynamics and Materials Conference, San Antonio, Texas, April 10-12, 1972, v. 2, Materials, Paper No. 72-329.

7. LEE, D.W., and FEICK, G. The Techniques and Mechanisms of Chemical, Electrochemical and Electrical Discharge Machining of
Ceramic Materigls. The Science of Ceramic Machining and Surface Finishing, Proc. of Symposium at NBS, Gaithersburg, Maryland,
November 2-4. 1970, National Bureau of Standards, p. 197-211.

8. KAMIJO, E., HONDA, M,, HIGUCHI, M., TAKEUCHI, H., and TANIMURA, T. Electrical Discharge Machinable Si3N 4 Ceramics.
Sumitomo Electric Technical Review, no. 24, January 1985, p. 183-190.

9. JANNEY, M.A. Mechanical Properties and Oxidation Behavior of a Hot-Pressed SiC-15 Vol% TiB, Composite. Amer. Cer. Soc. Bull,
v. 66, 1987, p. 322-324,

10. McMURTRY, C.H., BOECKER, W.D.G., SECHADRI, $.G., ZANGHLI, 1.S., and GARNIER, J.E. Microstructure and Material Properties
of SiC B, Particvlate Composites. Amer. Cer. Soc. Bull,, v. 66, 1987, p. 325-329.
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Silicou cardids (SiC), silicon nitride (St3N ), boron carbide (B,C), and two
grades of titanium diboride (Til ) workpleces were evaluated. Flectrical conductiv-
ltles of the ceramics wure nanourod, and are listed in Table 1. It should be noted
that the B,C was near stoichiowetric, Grade A TiB, was 992 pure, Grade B TiB, was
~95% pure, and the SiC was siliconized. The addition of free Si to the SiC ceramic
rasulted In & dramatic Llucrease in electrical conductivity over that of pucer mate~
cial,

Table 1. ROOM TEMPERATURE SLECTRICAL
CONDUCTIVITY VALUES FOR WORKPIECES

TESTED
Electrical
COnductivi*y
Workpiece (ohm-cm)*
T8, 6.9 x 10"
S1C 2.9 x10°2
ByC 1.6 X 1072
5148, 5.0 x 107"

'Rcfcroncc n

Cross sections of cut edges were prepared for SEM evaluation of Grade B TiB, by
slicing and poiishing, followed by etchling with a 2HF=1HN03:1 glycol solution. 8-
machined surfaces and fracture surfaces across EDM cut edges were &lso evaluated by
SEM, Fracture surfaces were prepared by first slicing parallel to an EDM cut edge
and then fracturing the resultant thin plate by four-point bending. Each EDM cut
surface to be fractured was placed {n the bend jig so it would initially be in
compression.

“hirty MIL-STD 1942 (MR) size B flexural specimens were wire electrical dis-
charge wachined from a bulk plece of hot pressed Grade A TiB,. A like number were
diamond ground from the same billst of waterial. Bcth groups of specimens were
loaded to failure in four-point bending in accordance with MIL-STD 1942 (MR).
Fracture surfaces were examined to determine flaw origins.

Fractured EDM specimens exhibiting equivalent strengths were further evaluated
by X-ray diffraction and SEM microprobe techniques for the existence of residual
atresses or chemical reactions near the surfaces. As-cut EDM machined surfaces,
wechanically polished EDM surfaces, and diamond ground surfaces were examined. The
three polished EDM samples were polished to remove 70, 100, and 130 micron thick
layers from the surface.

Residual stresses were measured using the diffractometer technique,l2 with
Cuka radiation diffracted €rom the (212) crystallographic planes at about 131.5°
20s The incident beam was angled at 12 and 22 degrees to the sample surface normal
t» provide two ¥ angles at each inclination of about =12 and 36, and -2 and 46
dagreee, respectively. A Young's modulus of 549 X 10° MPa and Poisson's ratio of

11. SAMSONOV, G.V. Plenum Press Handbook of H:gh-Temperature Materials, Properties Index. Plenum Press, New York, 1964,
p. 142-147,
12. SAE Residual Stress Measurement by X-Ray Diffruction, SAE J7840. Soc. of Auto. Eng. Inc., Warrendale, PA, 1971,
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0.105 weze used for analytic calcuations of stresses. It should be noted that these
elastic constants are bulk values and not neceosarily the absolute value for the
(212) plane in a stressed polycrystslline sample. Empirical values for E and X
developed specifically for Z-ray diffraction stress measurements are prefcrrcd.l

but a calibration sampie suitable for X-ray expesinnntu to ptoyide these values was
not available. Both the aingle exposure and sin® y techniques®” were used to deter-
nine the residusl stresses.

Surface finish on the diamond ground and EDM cut surfaces was measured with a
micrometrical profilometer, type QB, and R. values were reported.

RESULTS

Wire electrical discharge machining parameters and resultant material removal
rates for the TiB,, SiC, and n‘c workpleces are shown in Table 2. The n‘c sample
could not be cut in the monolithic state, but it was successfully cut when a single
1/8" thick sheet of brass was placed on its top surface. The Si N, workpiece could
not be cut in either the monolithic state or when 1/4" thick copper plates ware
placed on both the top and bottom surfaces. Resultant surface fi.1sh values of
successful cuts are included in Table 2.

Table 2. WIRE-CUT ELECTRICAL DISCHARGE MACHINING PARAMETERS

Matertal
Gap [T Serve W0 Losd  WMire Wire Indicated  Removal Surface
m Workpiece Thickneas On Time Off Time Offaet Voltage Current Veltage Voltage Feed Tension Faed Rate Ilt!" Roughhess
Materia) (in.) (usee) (usec)  (in.) v) (A) v) v) (ipm}  (gr) (1pm) (1n.8/0e)  (uin.Ry)
\ "l! 0.5 7 7 - [ L] . ! 10 900 9.200 6.0 0
LM
£ Roughing Cut 5 | 12 - L7 o ] 1}) ] 10 noo 0.0s2 1.} n
» st Finishing s 3 [} 0.003 WR 1 1M n [ ] 1100 o.n? [
& 2nd Finishing LR 1 1 [} 0.0005 we 0.7 1} 13 ) 100 0.400 a$
. ] 3rd Finishing 3s 1 3 0 (13 0.5 7 10 [ ] 1100 0.02% %
3 $iC 0.¢ 7 12 [13 3 8 9 10 900 0.22% o4 0
$iC
Q Roughing Cut 1.0 L3 ] - WR R 7 [ ] 10 1100 we 10
L] 1st Finishing 1.0 H 0 0.00) 150 1 20 18 10 noe 0. 368 s5
4c nd Finishing 1.0 1 6 0. 0005 120 0.6 ” n 1o 1100 R 50
4 3rd Finishing 1.0 1 [ 0 L7 3 N/R 7 AR J 10 1100 LT3 [11
S I.C 0.4 S 33 2 »3 12 10 nee 0.020 0.5 98
6 Sl,l‘ 0.3 Could Mot Cut Even With Metallic Sandwich Configuration
-
Not recorded

"nmrm remove) rate = feed rate X thickmess X §0

Thermal responses of the Grade B TiB, workpiece microstructure to EDM include a
recast layer at the cut surface, a subsurface zone with grain boundary melting, and
a heat affected zone. Recast layers, in which the material was fully melted and

13. RUUD, C.O. X-Ray Analysis and Advances in Piriable Field Insirumentation. J. Metals, v. 31, no. 6, July 1979, p. 10-1S§.

14. RUUD, C.0, SNGHA, D.J,, and IVKOVICH, D.P. Experimental Mcthods for Deiermination of Precision and Estimation of /Accuracy
in XRD Residual Stress Measurement. Adv. in X-Ray Anal., v. 30, 1987,

15. DOLLE, H. Thke Influence of Multiaxial Stress State, Stress Giudients and Elastic Anisotropy on the Evaluation of Residual Stress by
X-Rays. 1. Appl. Cryst., v. 12, 1979, p. 489-510.




resolidified, were ~2.5-8.0 um thick, and could be seen in both polished and frac-
tured sucfacec (Figures 1 and 2) for TiB,. A more dramatic view of a recast surface
layer is shown iu Figure 3 for a wire cut in the SiC workpiece that passed through a
large grain.

Partially mslted sones, in which the grain boundaries appear to have been
liquefied, were within one to two grain diameters from the cut surface. This zone
is most easily discernud by the smooth, rounded graine and overetched grain bound-
aries (Figure 1).

The heat affected tone, distinguished by a 50 um wide reglon of grain boundary
directionality planar to the cut surface, was also seen in the polished and etc'ied
sample of Grade B TiB, shown in Figure 1. Grain boundary directionality was c.n-
firmed by examination of a corner cut (Figuce 4) for which grains near the cu'. edge
sre oriented parallel tec the contour of the cut surface. As a further confirmation
of the presence of a heat affacted zone, SEM examination of a fracture surfr.ce
through a cut edge (Figure 5) revealed higher concentrations of porosity ard almost
100X intergranular fracture within 50 um of the cut edge coampared with -5 {nter-
granular fracture in the bulk material.

Also occurring within the heat affected zone is a significant degrae of grain
refinemeut (-50X, Figure 1). There may have been some grain growth beafnd this
region, but this was not readily discernible in either the polished c: fracture
surface spacimens. The effects of material purity and possibly grai. size are
evident by comparing the fracture surfaces of grade B TiB, (Figures 1, &, and 5) and
the purer grade A TiB, (Figures 2 and 6). The presence oz a low m:lting grain
boundary phase can, therefore, significantly increase microstruct iral changes during
EDM cutting.

Comparison between Figures 2 and 6 ghows the effect of he.t input on surface
quality and depth of the recast layer for cuts in grade A TiB.. Recast layer depth
for the higher heat ianpur roughing cut was -7.5 um (Figure 6) compared :o 3 um for
the low heat input skim cut (Figure 2). Variations in surfs.ce roughneas and integ-
rity for the two TiB, cutting conditions can be seen st bot'. low angles (Figures 2
and 6) and high angles (Figures 7 and 8) with respect to tle cut surface. The
higher heat input surfac: (Figure 8) had a heavier and corsrser distribution of slag
and a higher concentration of porosity and microcracks. .iimilar results are shown
for SiC in Figure 9. SEM examination of fractured surfa:es of all cut samples
showed that microcracks existing in the slag/recast layer do not extend into the
base material. Even though increased heat input is exp:cted to increase heat
affected zone size, no discernible differences could be derived from the appearance
of fracture surfaces. :

Variations in workpiece microstructure and porosity were shown to affect ther-
mal changes and machinability. In SiC with a mixed g:-ain size microstructure, fine
grains were always preferentially removed or melted st the cutting in.erface (Figure
10). 1In 84,C, aress with high levels of porosity als:, showed the same tendency for
preferential removal (Figure 11).

It was stated earlier that the BAC workpiece could cnly be cut when a strip of
brass was attached to its top surfaces. Figure 12 [llustrates the as~cut surface,
showing the same surface melting featuves as those of SiC and TiB,. EDAX spectro-
scopy also did not reveal any Cu or Zn residues on the surface, indicating that
swarf from the sandwich plate was not largely redejosited in the cut arca.




Flexure test results for both vire-cut EDM and diawond ground grade A TiB,
specimens are shown in Table 3. Characteristic gtrength values of the bend speci-
mene for the electrical discharge machined specimens were 23X lower than those of
specimens diamond machined. The Weibull moduli for both tests were high (>24), and
examination of fracture surfaces indicated that strength limiting flaws originated
over 90X of the time fiom the surface.

Table X. FLEXURE TEST ReSULTS FOR TiIECSPECIIENS OIAMOND SROUND

AND WIRF JUT ELECTRICAL DISCHARGE MACHINED
Strength Modulus
(MWPa (90% Confidence)
Diamond Ground 398 28.7 + 0.6
Wire-Cut EDM 305 4.4 + 0.5

The residual stresses for the diamond ground surfaces were generally comnres-
sive. One sample showed values ranging from O to =261 MPa. The other sample gener-
ally showed compressive stresses of about -268 MPa, but, in one region, tensile
stresses of about 577 MPa were indicated.

The two EDM as-cut surfaces showed stress gradients with depth that were
tensile. One sample showed a tensile stress of about 275 MPa at the surface to
slightly compressive at depths of 10-15 ym. The other showed a similar gradient
with surface etresses at 352 MPa and a compressive stress of about =310 MPa at
depths cf 10-20 um.

The EDM sample with 70 um of surfaze removed showed a compressive stress of
=437 MPa. The sample with 100 um removed showed compressive stress of -303 MPa.
The sample with 130 um removed showed a surface compressive utress gradient from O
to "331 MPa.

X-ray diffraction and SEM microprobe analysis feiled to reveal chemical changes
to the surface such as segregation of impurities, phase changee, or contamination.
Nwever, the detection level of thesa analyses iz not adequate to observe signifi-
cant changes in grain boundary chemistry.

DISCUSSION

The minimum electrical conductivity of ceramic materials required for electri-
cal discharge mechining sppears to be in the range of 2 X 10~ (ohm-cm)~!. This was
shown by the ability to inluce spark genuration and to initiate the cutting of the
B,C/brass sandwich. The reason for the success in cutting the B,C is not exactly
known, but it could be & result of the local increase in electrical conductivity,
Jue to increased electron wodbility or the formation/elimination of new surface
phases such as boron oxide, at the higher temperatures present during machining.

Material removal rates for the ceramics tested in this exploratory work were

relatively low, but the corresponding surface finishes produced were reasonably
good. For complex contours, wire EDM cutting speeds are considered t. be superior
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to those of any abresive grinding process. Improvements in machining performance
may be expected for other ceramics containing low melting or highar conductivity
grain boundary constituents and by talloring ceraaic microstructures.

Properly performed diamond grinding results in a 5-25 um desp damage zone with
a high concentration of microcracks on machined cecamic surfsces.' Th2 altered
surface zone for wire EDM was found to be ~20-50 um deep. In the limlted work
performed, any high induced thermel gradients and their resultant tensile residual
stresves were not found to generate large macrocracks at the EDM machined surface.
However, the 50 ym altered zone from EDM with many potential defect aites will have
a negative affect on strength and fracture toughness propecrties, especially for
thin, surface flaw gsensitive ceramic components (i.e., turbine blades).

The combination of large sucrface tensile ytresses and sub-surface compressive
stresses could support statle surface flaw networks contributing to the reduced
fracture strangth observed for wire-cut EDM samples. Another coantributing factor to
the observed lowering of fracture strength is surface roughness. A typical rough-
ness value ior an EDM surface {8 2 ya R,, and 9.30 ym R €for diamond ground sur-
faces. Two microns is caly the average roughness. The extreme values in roughness
for EDM surfaces may reach 20 um, the depth of several grains. Note that the wire
orientation during cutténg was parallel to the axis of the flexure bars, thereby
ainiatzing vaclations in cutting depth due to wire =movement.

A third tactor {s the large amount of porosity that can be found in the recast
layer and on the surface (Figure 13). These individual pores will {nteract and tend
to behava like a wmuch larger pore in addition to lowering the local fracture tough-
ness of the aaterial.

Finally, chemical altecrations to the surface such as contamination from the
wire electrcde, segregation and diffusion of impurities at the grain boundaries, and
the creation of new phases or compounds due to the high temperature conditions, wil:i
lower the surface fracture toughness without requiring the presence of subsurface
cracking as the origin of failure.

Possible methods for countering the negative EDM surface effect on streagth for
critical components include: (1) finish machining by abrasive means, with a depth
cat not to exceed 2.5 um per pass, to veduce surface roughness and cremova the ther-
mally/cheaically altered tone, and (2) thermally annealing the workpiece to relieve
residual stresses and heal possible subsurface and surface cracking.

CONCLUSIONS

Titanium diboride and silicon carbide workpieces were successfully cut by the
wire EDM procass. Boron carblide workpleces could not be cut in the monolithic
state; however, when a 1/8" thick brass strip was placed on the top surfaces, cut-
ting was possible., Silicon nitride could not be cut in either the monolithic state
or when a 1/4" copper sandwich structure was placed about the wortkplece in an
attezpt to induce spark generation and intitiate cutting.

Success in cutting the boron carbide is believed to be due to the effects of
the local increase in electrical conductivity, due to Increased electron mobility

'QUINN. G.D. U.S. Army Materials Technology Laboratory, Watertown, Massachusetts, private communication, July 1986.
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and possibly the formation of new surface phases, at the higher temperatures present
during wmachining.

The ability to cut boron carbide with a conductive cover plate sandwich indi-
cates that the minimum level of electrical conductance required for Ege electristl
discharge machining of ceramics appears to be in the range of 2 X 10 ¢ (ohm-cm) .
Since it was found that fine grains were preferentially removed during EDM, it may
be expected that further improvements with other fine graln ceramics and those
containing low melting or higher conductivity grain boundary constituents will also
uake these materials more amenable to EDM.

Electrical discharge machining resulted in, at most, a 50 um thermally affected
surface on ceramic workpieces. This surface zone consisted of a recast layer fol-
lowed by partially melted and heat affected zones. The recast layer was typically
3-8 ym deep. The partially melted grain boundary zone extended one tv two grain
diameters from the surface, and was characterize' by grain boundaries that appeared
to have been liquefied. The heat affected zone was characterized by a significant
degree of grain refinement (~50%), and possibly some grain growth and higher concen-
trations of porosity. In addition, fracture surfaces through EDM cut surfaces
revealead lower levels of transgranular fracture within the heat affected tzone,
indicating other microstructural changes.

Parametric variations, mainly heat input, required for roughing and skim cuts
resulted in corresponding changes in the thermally affected zone. Recast layer
thickness for skim cuts was less than half that of roughing cuts. Heavier and
coarser slag distributions as well as higher concentrations of porosity and micro-
cracks in the slag were also noted on rough cut surfaces. Microcracks were not,
however, observed to extend into the heat affected zone or unaffected base material.

Residual stress values were deterwined at and beneath the EDM cut surface for
TiBz. Residual stresses at the EDM gsurface were largely tensile in nature. Regid-
ual stregses at the surface of diamond ground and polished EDM specimens were com-
pressive.

Flexure tests with TiB, comparing wire-cut EDM with diamond ground samples
showed that EDM samples have a 23X reduction in strength over diamond ground ones.
The reasons for this decrease are not conclusive, but are thought to be due to a
combination of surface roughness and tensile stresses as well as the lowering of the
surface fracture toughness due to porosity and chemical alteration.

Even though material removal rates were low for the ceramics tested, wire EDM
should be considered a viable alternative for the shaping of complex ceramic con-
tours, since this is extremely difficult {f not impossible by standard abrasive
grinding methods. However, it is believed that the electrical discharge machining
of small surface critical components will require secondary finish machining or
annealing operations to assure removal of any deleterious effects on fracture
strength and towghness properties.
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